Ultrasound modeling, being an established practice, is used to study the fundamentals of light-matter interactions. Although much has been published on the matter, pressure and thermal expansion induction mechanisms in laser ultrasonics have rarely been combined, as they should, in a single ultrasonic source while the effects of its size variation have only been shown to a limited extent. In the paper, we unite these light-matter interaction mechanisms, with inclusion of lateral optical forces, into a single laser-stimulated source as it is observed in nature. With a laser pulse as a manipulable source, we simulate the multifaceted workings of light-matter interactions by exposing the distinct transients originating from different source localities as generated by different induction mechanisms. We also present a transition of simulated ultrasonic waveforms in the epicentral point on the surface of a solid plate opposite from the source while it is expanded from a point to a quasi-limitless extent for pressure and thermal expansion generation regimes. The model utilizes geometric probability theory together with Huygens' superposition principle and temporal convolutions to construct the desired waveforms out of individual Green's functions. We show how the ultrasound generation regimes stem out of a single source and how its size together with energy and momentum transfers during the light-matter interactions affect the induced ultrasonic transients.
Introduction
With thermo-elastodynamic laws generally well understood, with advanced mathematical tools and powerful computing machines, modeling of wave propagation has become an established practice. In ultrasonic research and associated applications, it is essential for interpreting measurements and understanding the underlying physical mechanisms. Due to recent strides in fundamental research, particularly regarding the measuring of light-pressure-induced ultrasound [1, 2] and the so-called AbrahamMinkowski controversy [3] [4] [5] [6] [7] [8] [9] [10] [11] , laser ultrasound modeling is gaining a new momentum and a novel aspect in its applicability.
The use of a laser pulse to stimulate an ultrasonic source in elastic media provides the ability to easily control its time profile, spatial distribution, energy, and momentum in much broader ranges than using mechanical ultrasonic sources. An additional and unique aspect of laser ultrasonics is that it provides one of the platforms from which to study the intricacies of light-matter interactions.
While some condensed volumes on the matter in general have been compiled [12] [13] [14] [15] [16] [17] [18] , most of the relevant research is mainly scattered in time and throughout literature. One can find, for example, expositions on pressure-induced [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] as well as thermal-expansion-induced [26] [27] [28] [29] [30] [31] [32] [33] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] ultrasound propagation in a half-space [21] [22] [23] [24] [25] [26] [27] [28] 32, 37, 42, 43] or in a large plate [19, 20, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 44 ] from point [26] [27] [28] [29] [30] [31] [32] [33] [34] [37] [38] [39] , areal [20-25,35,36,4 0-42] and quasi-limitless [19, 43, 44] sources to receivers in similar ranges in lateral [19, 37, 42] , epicentral [32] [33] [34] [35] [36] [37] [38] [39] 43, 44] or arbitrary [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 40, 41] relative positions.
In this, to the best of our knowledge, there is a noticeable gap in seamlessly connecting the range of sources into one smooth transition from a point-source limit, through the areal-source formation, to the limitless-source (one-dimensional) limit. Combing through the forementioned literature reveals that each of these produces specifically shaped transient waveforms which are so dissimilar in their appearance that this kind of limit-to-limit transition becomes unintuitive while a comparison of pressure and thermal expansion sources reveals a fundamental generation mechanism difference.
In a large plate, for example, it can be observed that the epicentral waveforms in a point-source limit consist of variety of peaks, different for pressure-induced and thermal-expansion-induced regimes. Towards the one-dimensional limit, however, the waveforms in the pressure-induced regime appear to consist of steps and the waveforms in the thermal-expansion-induced regime remain flat with only small precursor peaks. From this it can be concluded that, in a point-source limit, the waveforms are composed of all incoming wave types while, in the one-dimensional limit, only one type of P-waves causes the disturbances. More interestingly, the step-like waveforms in the pressure-induced regime indicate that linear momentum has been transferred to the plate, whereas the waveforms in the thermal-expansioninduced regime indicate no such occurrence.
Demonstrating such a seamless limit-to-limit transition in source dimensions and its effects on the ultrasonic waveforms, at least in theory, would not only complete a gap in knowledge but would also garner a new understanding of the nature of ultrasonic waves. In particular, it would expose the transients originating from different source localities and their superposition in the inter-limit arrangement.
A laser-stimulated source, in general, combines light pressure, thermal expansion due to light absorption, electrostriction, and material ablation as means of producing ultrasonic waves. Each of these mechanisms may be experimentally fairly well isolated with appropriate selection of elastic materials and their surface treatments, laser energies and wavelengths [1, 2] .
Since pressure and thermal expansion generation regimes have been often treated separately, their mathematical formulation from a common origin has rarely been consistently derived. More than curiosity, such a common derivation would show a physical connection between the regimes and demonstrate the true multifaceted workings of light-matter interactions in nature.
Drawing additional inspiration from the analogies with seismology [45] [46] [47] [48] [49] [50] , we derive a formulation that combines the lightpressure and light-absorption effects in a laser-illuminated volume on a solid surface and treats it as common ultrasonic source. We show how such a source, through a series of transfer functions, is responsible for material displacement in elastic material. The presented formulation [51] [52] [53] utilizes Huygens' superposition principle that is statistically stremlined by means of geometric probability theory [54] for constructing the required volume-tovolume transfer functions out of weighted and superimposed point-to-point Greens' functions. The desired waveforms are then obtained from them by temporal convolutions with the source inputs. In our case, the Green's functions were originally derived by Hsu [31] . This general formulation is as a simple method for obtaining sufficiently detailed volume-to-volume transfer functions and subsequent displacement waveforms while accounting for arbitrary source and observation distributions [51] [52] [53] .
We also present simulations of successive ultrasonic waveforms (time evolutions) in a plate originating from a surface source which is enlarged from a single point to a quasi-limitless extent (homogeneous illumination). Both, pressure (elastic) and thermal expansion (thermoelastic) induction mechanisms are mathematically derived and simulated as if they were stimulated by a uniformly distributed laser pulse acting upon a circular area on the surface of a glass plate with the observation point set in the epicentral position on the opposite plate surface.
The results are visualized as three-dimensional line plots and shaded surface plots as well as animated videos available as supplementary material on-line. Particular attention is given to individual wave arrivals and their effects on the waveforms. Selected simulated waveforms are compared to the independent models from the literature [2, 20, 40] .
In addition to being a theoretical study of ultrasound generation and propagation, the purpose of such simulated waveforms is to introduce well formulated underlying physical concepts and mechanisms to the interpretation and evaluation of the corresponding experimental data. In a particular experimental setup, the measured sensor signal should be compared to the simulated waveforms modeled for the same geometric arrangement, the same materials, and the same stimulating laser pulse, while accounting for the sensor transfer function as well. A good match between them should indicate that the correct physical assumptions have been made. Such a process was used and is described in detail in some of our previous work [51, 52] .
Due to conceptual and theoretical nature of this paper, no measurements are presented. Some may be found throughout the literature [1, 2, 6, [12] [13] [14] [15] [16] 18, 20, 24, 26, 30, [32] [33] [34] [35] [36] 39, 40, 42, 44, 51, 52] .
Formulation of laser-induced ultrasound
A consistent mathematical description of ultrasound generation mechanisms in laser ultrasonics is achieved by implementation of analogous formulations used for mechanical excitations of matter that are rooted in Green's function formalism as well as known theoretical descriptions of excitations of illuminated matter . Their additional expansion from a point-to-point approximation to an arbitrary volume-to-point and volume-to-volume formulation is achieved by employing statistically streamlined Huygens' and superposition principles by means of geometric probability theory [51] [52] [53] .
In this formulation, elementary terms are supposed to be algebraically linear in nature allowing them to be combined, like building blocks, through linear superpositions and temporal convolutions. Sources, wave propagation functions and material displacements are treated with respect to their temporal t, directionalx;ŷ;ẑ, and either spatial v; w ¼ ðx; y; zÞ or arealṽ;w ¼ ðx; yÞ dependencies. Temporal convolution of two functions is represented by an asterisk symbol between them: aðtÞ Ã bðtÞ R 1 À1 aðt 0 Þ bðt À t 0 Þ dt 0 , as per common engineering convention.
Laser-stimulated ultrasonic source
A laser pulse is a burst of energy E distributed in time t over an areaṽ traveling in a certain directionẑ with the speed of light and has an intensity of:
Iðṽ; tÞ ¼ EgðṽÞ hðtÞẑ:
Its areal distributiongðṽÞ and time profile hðtÞ are normalized and regarded as separable. When it is incident on a material surface, light-matter interaction occurs. Most prominent and commonly observable light-matter interaction phenomena in sub-ablation regimes manifest themselves in the form of radiation pressure and thermal expansion due to light absorption. Radiation pressure exerts on a nontransparent illuminated material a momentum-transferring force in the direction normal to the incident surface (normal optical force). Conversely, thermal expansion employs omnidirectional material enlargement of a light-absorption illuminated volume to cause force dipoles in the affected material-without net momentum transfer. Additionally, lateral optical forces (akin to electrostriction in dielectrics and magnetostriction in ferromagnetics) may be born without net momentum transfer [3, 4, [7] [8] [9] [10] [11] . These are rather more subtle, however, and are going to remain largely beyond the scope of simulations in this paper.
Subject to the nature of light-matter interaction and its distribution, a laser-illuminated area on the material surface and lightpenetrated volume beneath it can, in principle, be regarded as a collection of directed force f j ðv; tÞ and force dipole m jk ðv; tÞ distributions which act together as ultrasound-generating source: source P j J j g j ðvÞ hðtÞ|;
Light-matter interaction
Given the usual particularities of interactions between a laser pulse and elastic dielectric material, a few simplifying assumptions may be made from which the source formulation in Eq. (3) can be particularized and simplified.
Since the momentum-transferring impulse acts mostly in the direction normal to the incident surface, which is set in thexŷ-plane, its directional components can be limited to one: j ¼ẑ. This exchange occurs on the surface from which the light is reflected and in the volume in which the light is absorbed. Reflectivity R, absorptivity A and transmissivity T of the laser light in the illuminated material are connected by: R þ A þ T ¼ 1. The entire momentum-transferring force impulse is thus collected as:
, where E represents the laser pulse energy, and c 0 the speed of light in vacuum.
If, in the light-absorbing volume, material expansion is isotropic, shear dipoles are zero while tensile dipoles remain non-zero and are equal. In this case, the number of force dipoles is reduced to three: jk ¼ jj ¼xx;ŷŷ;ẑẑ, while their strengths of force dipoles: Here, A E represents the absorbed laser-pulse energy, with c ¼ a Y=½ð1 À 2lÞ q C as the Grüneisen parameter consisting of material properties of the absorbing material which are explained further in the text.
In materials, in which heat accumulation and ultrasound reverberation happen in time frames much shorter than subsequent thermal conduction and radiation, the temperature field in matter, after the light-matter interaction is finished and for the duration of observed ultrasound propagation, can be thought of as stationary. With this, the time profile of the laser pulse hðtÞ can be translated directly to the source in the momentum-transferring regime, but it has to be convolved with a unit step function HðtÞ in the energyabsorbing regime as it represents the heat accumulated over the pulse duration: HðtÞ ¼
Each of the spatial distributions of the source components can be further split into two independent parts: g z ðvÞ ¼gðṽÞ fðzÞ and g jj ðvÞ ¼gðṽÞ ZðzÞ. Their first parts are directly correlated with the areal distributiongðṽÞ of the incident laser pulse while the other parts represent linear depth distributions of the source in the direction of pulse propagation. The second parts are, therefore, subject to the mode of light-matter interaction as they describe the momentum-interacting layers in the momentum-transferring regime fðzÞ and the light-absorbing layers in the energyabsorbing regime ZðzÞ. Finally, considering all of these approximations, the laserilluminated volume after such light-matter interaction becomes a much more specific ultrasonic source: source J zg ðṽÞ fðzÞ hðtÞẑ;
DgðṽÞ ZðzÞ hðtÞ Ã HðtÞx þŷ þẑ ð Þ :
& ð4Þ
Each of the two different generation mechanisms that constitute a single source is conceptually presented in Fig. 1 as an individual source type.
Wave propagation
At the core of this approach, the ultrasonic wave propagation is assumed to be well described by a set of thermo-elastodynamic equations with appropriate initial and boundary conditions which account for all relevant wave propagation effects such as attenuation, geometric spreading and scattering. These are solved, either analytically or numerically, in the confines of the Green's function formalism which yields time-resolved t solutions in the form of Green's functions g ij ðv 0 ; w 0 ; tÞ or g ij;k ðv 0 ; w 0 ; tÞ. These are pointto-point transfer functions that transform a d-impulse input signal in the direction j at a point v 0 (such as force F j ðv 0 ; tÞ or force dipole M jk ðv 0 ; tÞ) to an output signal in the direction i at a point w 0 (such as displacement u i ðw 0 ; tÞ). Usually, they are arranged in a matrix or a tensor. In general, Green's functions are dependent on the thermoelastic properties of the wave-carrying medium: its mass density q, Young's modulus Y, Poisson's ratio l, specific heat C, linear thermal expansion coefficient a, and thickness h 0 , as well as relative positions of the input and output points w 0 À v 0 . Most of these properties are considered to be constant during the wave propagation and are omitted in the common notation of Green's functions. Individual Green's functions may also be measured in a limited frequency band. Either calculated or measured, any would, in principle, suffice here.
Different kinds of input signals require different types of Green's functions to produce their displacement waveforms. The input forces F j ðv 0 ; tÞ require double-indexed Green's functions g ij ðv 0 ; w 0 ; tÞ while the input force dipoles M jk ðv 0 ; tÞ require triple-indexed Green's functions g ij;k ðv 0 ; w 0 ; tÞ @g ij ðv 0 ; w 0 ; tÞ=@k. In principle, higher order Green's functions g ij;kl... ðv 0 ; w 0 ; tÞ are needed for higher order input momenta M jkl... ðv 0 ; tÞ, but this is beyond the physical scope of the presented model.
When many such point-to-point Green's functions are connecting individual input points from a volume v with output points in a volume w, they can be collected into continuous Green's function fields g ij ðv; w; tÞ and g ij;k ðv; w; tÞ. When the Green's function fields are appropriately weighted:
w j ðv; wÞ g ij ðv; w; tÞ djjv À wjj, and R 1 À1 w jk ðv; wÞ g ij;k ðv; w; tÞ djjv À wjj, they form volume-to-volume transfer functions which transform an input distributed in a volume v and observed in a volume w to a single output signal. Infinitesimal part djjv À wjj represents an infinitesimal change in the distance between points from each of the two volumes.
The purpose of weight functions w j ðv; wÞ and w jk ðv; wÞ is to incorporate and simplify the spatial source distributions in v, the spatial observation sensitivity distributions in w, and their relative positions. In this model, the weight functions are calculated by means of geometric probability theory, as described in detail in [51, 53] . Returning to the general source from Eq. (3), observed directional displacement u i ðw; tÞ of a volume w is obtained by convolving the volume-to-volume transfer functions with source impulse magnitudes J j ; D jk and time profiles hðtÞ; HðtÞ:
w j ðv; wÞ g ij ðv; w; tÞ djjv À wjj Ã hðtÞî
w jk ðv; wÞ g ij;k ðv; w; tÞ djjv À wjj Ã HðtÞî: ð5Þ
Due to commutativity and associativity of convolution in the realm of linearity, the unit step function from the thermal expansion time profile can be moved
In the presented model, only the out-of-plane displacements in theẑ-direction u z ðw; tÞ are of interest to us. Compared to radial and azimuthal displacements, such normal displacements are most easily and, therefore, most commonly measured.
When the interaction particularities, discussed previously, are implemented in Eq. (5), together with i ¼ẑ, the out-of-plane displacement calculation is simplified to:
w z ðv; wÞ g zz ðv; w; tÞ djjv À wjj þD Z 1
À1
w jj ðv; wÞ h zj;j ðv; w; tÞ djjv À wjj Ã hðtÞẑ;
as h zj;j ðv; w; tÞ ¼ h zx;x ðv; w; tÞ þ h zy;y ðv; w; tÞ þ h zz;z ðv; w; tÞ is used as shorthand. If, instead of an observation volume w, there is an observation point w 0 , the volume-to-volume transfer functions are reduced in complexity to the volume-to-point transfer functions: R 1 À1 w j ðv; w 0 Þ g ij ðv; w 0 ; tÞ djjv À wjj, and R 1
w jk ðv; w 0 Þ g ij;k ðv; w 0 ; tÞ djjv À wjj.
In comparison, a similar arrangement in a commonly used point-to-point approximation degenerates to:
For numerical calculation purposes, it is often convenient to appropriately discretize the forementioned equations.
Lateral optical forces
Light-matter interaction may also produce faint lateral forces which, in turn, produce their own particular transients [3, 4, [7] [8] [9] [10] [11] . These forces arise in the same planes as the normal optical forces, but are directed along the interaction surface in thexŷ-plane and, on the whole, do not transfer any momentum from the incident excitation pulse.
In the spirit of Eq. (4), a source comprising of the lateral optical forces is presented as:
where J x and J y represent the absolute (regardless of orientation) magnitudes of the lateral force impulses distributed within the interaction volume in the directionsx andŷ, respectively. They can be combined to form the absolute (regardless of direction) magnitude of all lateral force impulses distributed within the interaction volume: J s ¼ J x þ J y , with their respective shares defined as: j x J x =J s , and j y J y =J s .
In the waveform modeling, the directionality of these forces and its combined effect on induced transients must not be discounted. 
In comparison, its point-to-point degeneration would only amount to: u s z ðw 0 ; tÞ ¼ J s j x g zx ðv 0 ; w 0 ; tÞ þ j y g zy ðv 0 ; w 0 ; tÞ
Waveform transition simulations
In order to present the source enlargement transition as realistically as possible, the waveforms are simulated on a plane-parallel fused silica (SiO 2 ) glass plate. Its physical properties are taken as: thickness h 0 ¼ 12 mm, mass density q ¼ 2200 kg=m The ultrasonic source is modeled as if it was stimulated by a laser pulse impacting on a plate surface at z ¼ 0 with a uniform (top-hat) areal distributiongðṽÞ over a circular surface areaṽ with a fixed central point v 0 and a radius r O that is expanded from (nearly) a point (r O ! 0) to a quasi-limitless extent (r O ! 1) while retaining a constant fluence of q ¼ 0:2 J=mm 2 . Keeping the fluence at constant levels allows for a more illuminating comparison of the successive waveforms with the understanding that an increase in source radius directly increases the delivered energy as well. Its normalized time profile has the shape of a double sigmoidal (asymmetric bell-like) function with a full width at half maximum of t () ¼ 60 ns. Since the numerical calculations require discretized equations, the radial resolution of the source enlargement is dr ¼ 18 lm. The observation point w 0 , rather than a volume, is always set in the epicentral position on the opposite surface directly beneath the central point of the source, as shown in Fig. 1 . The waveforms are modeled within the observation time frame of t X ¼ 12:15 ls with temporal resolution of dt ¼ 3 ns. As described previously, they are constructed out of discretized statistically weighted combinations of Green's functions [51, 53] whose calculation by means of generalized ray theory was derived and programed by Hsu [31] . For this kind of epicentral arrangement with a circular uniformly distributed surface source, the required weight functions are quite straightforward: wðv; w 0 Þ ¼ 2 r=r 2 O , where r is the internal radial parameter and runs from 0 to r O .
The term 'quasi-limitless extent' is used to articulate that the source is sufficiently large so that the fastest ultrasonic transients originating from its edge do not reach the observation point in the observable time frame. With the parameters used here, the quasilimitless source has a radius r t>t X > 71 mm.
To appreciate their distinctions, the ultrasonic waveforms induced by each of the induction mechanisms are modeled and presented separately.
For the pressure-induced ultrasound, the laser pulse is reflected in its entirety from the impact surface at z ¼ 0. Its reflectivity is thus set to R ¼ 1 while the source depth distribution is approximated as: fðzÞ ¼ dðzÞ.
For the thermal-expansion-induced ultrasound, however, the laser pulse is fully absorbed in a thin layer set beneath the impact surface at the average depth of light penetration of z ¼ dh ¼ 10 lm.
For this, the absorptivity of the layer is set to A ¼ 1 while the source depth distribution is approximated as: ZðzÞ ¼ dðz À dhÞ. To bury an expansion source inside the material means to account for its isotropical expansion better than have it directly on the surface where vertical components vanish in this modeling method [13, 14, 38, 39, 41, 43, 44] .
Reducing each of the source depth distributions into infinitesimally thin planes of interaction greatly simplifies the modeling as, in effect, it reduces volumetric sources into areal sources. Experimentally, on a glass plate, a mirror-like surface can be achieved with a high-reflectivity (HR) surface coating while, on another plate, a thin highly absorptive volume can be made with a highabsorptivity (HA) metal coating. If such coatings are sufficiently thin and have similar elastic properties as the main substrate, they have no direct effect on wave propagation.
The pressure-induced displacement waveform transition simulation during the source enlargement is presented in Fig. 2 and its thermal-expansion-induced counterpart is presented in Fig. 3 . Figs. 2a and 3a show three-dimensional waveform line plots at regular source radius enlargement intervals with identified wave types and their arrival times. These are discussed further on. A top-down view of these plots with a color-coded surface displacements and a continuous source radius enlargements are presented in Figs. 2b and 3b. A Laplacian of these surface plots gives the curvature of the waveforms and, with appropriately chosen color Fig. 2 . Simulation of pressure-induced surface out-of-plane displacement waveforms uz in the epicentral position in a large glass plate as functions of time t and with regard to the source radius rO in a transition from a point to a quasi-limitless extent. They are presented as (a) a three-dimensional line plot with explicitly marked wave arrivals, (b) its top-down view as a continuous shaded surface plot, and (c) a wave arrival plot obtained as a Laplacian of the latter. coding, can be made to show the wave arrival times directly from the simulated waveforms. In Figs. 2c and 3c , such wave arrival times are visualized with red representing a negative peak curvature and blue representing a positive peak curvature. Each of the waveform transition simulations is also animated in the supplementary videos on-line.
Selected waveforms for distinct source sizes produced by each induction mechanism separately are presented in Fig. 4 . A point source, an areal source with r O ¼ 24 mm, and a quasi-limitless source waveforms are compared with each-other and with independent models from the literature: a doubled analytical areal source model for a half-space [20, 40] , and a one-dimensional analytical homogeneous source model [2] .
Discussion
Combining pressure and thermal expansion induction mechanisms into a single ultrasonic source provides a conceptual insight on how realistic ultrasonic transients in elastic materials are generated by laser illumination. While treating them separately reveals their individual intricacies, it is their combination that genuinely describes the light-matter interaction that takes place below the ablation threshold.
The choice of statistically enhanced Green's function formalism as a method for this kind of modeling, as opposed to analytical solutions or a finite element method, was guided by several aspects in their comparison. Fully analytical solutions are most often only achievable for the simplest of geometries and very rarely, if at all, for complex macroscopic sources in plate substrates with several reverberating transients traveling through them. They do, however, allow for a convenient play with material parameters. While finite element and finite difference methods have the ability to account for almost any complexity, that power may quickly overwhelm the computing process which has to be restarted each time a new variation is desired. In this, the chosen method tends to be much faster, particularly when introducing limited arrangement variations to a known Green's function field or a discretized set of Green's functions where only the weight function is, relatively quickly, recalculated. Although a simplification, it is the geometric probability of the statistically streamlined Huygens' principle by which the arbitrary spatial and even directional distributions of complex sources together with the spatial observation sensitivity distribution are incorporated in the weight functions that guarantees that these complexities are not lost in the modeling. When calculating Green's functions using the generalized ray theory methods, the ability to exclude certain wave types may present itself as another advantage over the two numerical methods which provide only complete solutions.
The chosen method is only possible because the formulations are assumed to inhabit the cross section of linear electrodynamics and linear elastodynamics which enables many otherwise complex mathematical operations to be substituted by a series of simpler ones. Operating in such a realm provides an optimal compromise between the complexity of calculations and the complexity of results, thus, achieving a comprehensive simplicity for the purposes of the waveform modeling.
The simulations of the epicentral ultrasonic waveforms as induced by the pressure and thermal expansion sources in transition from a point to a quasi-limitless extent from Figs. 2 and 3 show expected characteristics, as inferred from the various sources in the literature . In fact, they show much more as the surface source enlargement seamlessly connects the two limiting extremes. Although the waveforms departing from a point limit change gradually as they transition toward the one-dimensional limit, the extremes are so dissimilar that their connection seems inexplicable without explicitly showing such an evolution.
Comparing the surface displacement waveforms as induced by the two generation mechanisms illuminates fundamental distinctions and similarities between them. The amplitude ranges in the simulated timespan for the specific material under those conditions diverge by approximately three orders of magnitude in favor of thermal-expansion-induced waveforms over the pressureinduced ones. It is the complete energy absorption, as simulated here, that contributes far more to the material displacement than any momentum-transferring pulse reflection strike. Simultaneously, the pressure-induced surface displacements are exclusively positive (out of plane) while those induced by thermal expansion are predominantly negative (into the bulk). Most apparent similarity between them is the corresponding presence of all wave types and their arrival times throughout the source enlargement as identified in the figures and specifically visualized in Figs. 2c and 3c .
The waveforms are superpositions of several individual transients which can be identified as primary (longitudinal) P-waves (P, 3P, 5P. . .), secondary (transversal) S-waves (S, 3S. . .), combinations of the two due to mode conversion (2PS, P2S, 4PS. . .), and a head wave (H). The numbers in the wave type nomenclature indicate the number of passes of that specific wave type through the bulk of the medium which is one more than the number of its reflections from the surfaces.
Another important distinction can be found between those transients originating from the source interior (Pa, 3Pa, 5Pa. . .) and those originating from the source edge (the rest). This becomes apparent when examining the transition of the waveforms as only the edge-originating waves can be observed in the point limit, only the interior-originating waves can be observed in the onedimensional limit and all of the waves can be seen between the limits. A quick study of wave arrivals yields wave-specific time of arrival equations:
They confirm that arrival times of interior-originating transients (t nPa ) bear no dependence on the source radius r O , where its edge is, while those of edge-originating transients do. Equations similar to the middle two, though rather more complex, may be found to hold for mode-converted transients as well. There is a curiosity at r O ) n h 0 where: t nP % r O =c P and t nS % r O =c S , which shows that all pure primary and secondary waves (not mode-converted) have their own asymptotic functions for large enough t.
The exclusive outward surface displacement of the pressureinduced waves and its persistence at larger times indicate that theẑ-directed momentum has indeed been transferred from the incident laser pulse to the substrate. In particular, the step-like profiles at distinct times t nPa for larger source sizes demonstrate a forward motion of the entire material-propelled only by the laser illumination.
In contrast, the short-lived predominantly inward surface displacement in thermal-expansion-induced waveforms is a consequence of the edge waves with the first P-wave acting as a delimiter between them and the mostly level parts of waveforms as the source grows larger. Barely noticeable outward precursors that remain at distinct times t nPa are produced by the normal component of the force dipoles. While all the neighboring components inxŷ-plane annihilate each-other, the þẑ-directed dipole component transients become superimposed with the Àẑ-directed dipole component transients upon their reflection from the incident surface with enough of a shift between them to produce the small outward precursors [13, 14, 38, 39, 41, 43, 44] . The nearly flat waveform profiles for larger source sizes with reverting precursors confirm that, on the whole, noẑ-directed momentum has been transferred from the incident laser pulse to the bulk of the material.
As another point of interest, some of the waves, the P2S-wave for example, exhibit a polarity inversion during the source enlargement which is best observed in Figs. 2c and 3c where the curvature colors exchange their relative positions.
Representative waveforms from each of the limiting sources and for the source with radius r O ¼ 24 mm are compared with each-other and with the corresponding independent waveforms obtained from the literature [2, 20, 40] in Fig. 4 . In addition to vividly showing seemingly unconnected profiles of the limiting waveforms, it also shows a good match between the corresponding waveforms calculated by different modeling methods. It has to be noted that Bresse's analytical models [20, 40] are valid only for a half-space. They do not include any of the reflected transients nor do they include the precursors in the thermal-expansioninduced waveforms. They also had to be doubled to account for the amplitude doubling during the wave reflection from the plate surface.
Faithful simulations of waveforms induced by the lateral optical forces require the knowledge of their spatial and directional distributions which, in turn, require deeper understanding of lightmatter interaction mechanisms, more specifically, the final resolution of the so-called Abraham-Minkowski controversy. Such measurements are conceivable but still necessitate yet further evolution in measuring techniques.
Conclusions
We presented a combined derivation of pressure-induced and thermal-expansion-induced ultrasonic waves in elastic media from a common laser-stimulated source. Next to the normal optical forces, the lateral optical forces were considered as well. Using the derived model, for the particular case of a solid glass plate and a stimulating laser pulse, the transient waveforms were calculated in the epicentral position. They were shown for surface sources in transition from a point to a quasi-limitless extent induced by each of the two main induction mechanisms as they might be produced by an incident laser pulse. Behaviour of individual wave types, as influenced by the source size and the induction mechanisms, was discussed.
